Here we present an easy one-step approach to pattern uniform catalyst lines for the growth of dense, aligned parallel arrays of single-walled carbon nanotubes (SWNTs) on quartz wafers by using photolithography or polydimethylsiloxane (PDMS) stamp microcontact printing (μCP). By directly doping an FeCl 3 /methanol solution into Shipley 1827 photoresist or polyvinylpyrrolidone (PVP), various catalyst lines can be wellpatterned on a wafer scale. In addition, during the chemical vapor deposition (CVD) growth of SWNTs the polymer layers play a very important role in the formation of mono-dispersed nanoparticles. This universal and effi cient method for the patterning growth of SWNTs arrays on a surface is compatible with the microelectronics industry, thus enabling of the fabrication highly integrated circuits of SWNTs.
Introduction
Single-walled carbon nanotubes (SWNTs) as a typical one-dimensional nanomaterial promise to be one of the outstanding candidates for state-ofthe-art electronic devices in the silicon industry of the future [1 5] . Controlled synthesis of aligned SWNTs arrays on substrates is useful for application in highly integrated caborn nanotube-based circuits [6 10] and especially high frequency electronics [11 17] where impedance matching is a necessity. Advances in the growth of horizontally aligned SWNTs arrays with very high densities have recently been achieved on single-crystal quartz wafers by chemical vapor deposition (CVD) of ethanol [18, 19] . For synthesis of aligned arrays of SWNTs on substrates, pre-designed catalyst structures and immobilizing of catalysts are both very important. Especially on quartz wafers Rogers' group found that if catalysts are not patterned on the surface, a large number of curved or random SWNTs are produced by the CVD growth [20] . Thus, an easy strategy to build catalyst structures on the surface of wafers is an important goal in the area of SWNT growth [3, 7, 18, 21 24] . In this work, we introduce an easy one-step method to pattern catalyst lines on quartz wafers and successfully obtain patterned, dense, and high-quality SWNT arrays on quartz wafers by CVD of methane. We directly doped FeCl 3 into Shipley 1827 photoresist or polyvinglpyrrolidone (PVP) in methanol solution as the catalytic precursors. Due to the presence of the polymers we can design perfect patterns of catalysts on a wafer scale using only a simple photolithography technique or the polydimethylsiloxane (PDMS) stamp microcontact printing (μCP) technique. Moreover, we found both Shipley 1827 photoresist and PVP to be effective in contributing to the formation of mono-dispersed catalyst nanoparticles as well as hindering them from aggregating on the substrate during the CVD process. Especially for the former, very uniform and almost perfectly aligned arrays of SWNTs were synthesized with an average density of ~10 SWNTs/μm and lengths of up to a millimeter.
Experimental

Photolithography
ST-cut quartz wafers (Hoffman Materials Inc.) were annealed at 900 ºC in air for 1 h before a standard UV photolithography process was applied. Shipley 1827 positive photoresist (Shipley Company) was doped with 5 mmol/L FeCl 3 /methanol solution and was then used to pattern lines with 20 μm width, 2 cm length, and spacings gradually increasing from 10 μm to 100 μm on quartz wafers. This forms the catalytic precursors for subsequent catalysis of the growth of SWNTs. The lines on the substrates must be perpendicular to the X axis of the quartz surface according to a previous report [18] .
Microcontact printing
Before a typical printing process, a PDMS stamp with regular lines was treated by O 2 plasma for 5 min in order to improve the hydrophilicity of the surface. A fresh methanol solution of 10 mmol/L FeCl 3 and PVP with 20 40 mmol/L concentration (expressed per mole of monomer) was prepared and dipped onto the surface of the stamp. After drying in air, the ink was transferred onto the surface of a clean quartz wafer without annealing by making direct contact between the stamp and the substrate for 2 min. The ink lines on the substrates also must be perpendicular to the X axis of the quartz surface.
Growth of SWNTs arrays
After photolithography or μCP, the wafers were treated by O 2 plasma for 15 min or calcined at 700 ºC in air for 5 min to remove the polymer layer and form Fe x O y nanoparticles. For the case of FeCl 3 /Shipley 1827 photoresist as the catalytic precursor, the substrate was put into a horizontal furnace (Lindberg 3 in. diameter tube furnace) and heated to 920 ºC under the protection of Ar (1500 standard cubic centimeters per minute (sccm)). Subsequently, a flow of CH 4 /H 2 gas mixture (1100 sccm/220 sccm) was introduced for SWNT growth. After 30 min, the furnace was cooled down to room temperature in Ar (1500 sccm). When FeCl 3 /PVP was used as the catalytic precursor, before the CVD growth of SWNTs it was necessary for reduction to effected by introduction of H 2 /Ar (220 sccm/1000 sccm) for 5 15 min depending on the concentration of PVP used. Scanning electron microscopy (SEM, Hitachi S-4700-2 FESEM, operated at 1 kV acceleration voltage), atomic force microscopy (AFM, Vecco Nanoscope IIIa, operated in tapping mode) and micro-Raman spectroscopy (JY LabRam ARAMIS, with an excitation laser wavelength of 633 nm) were used to characterize the arrays of SWNTs on quartz wafers formed by CVD growth.
Results
Shipley 1827 photoresist as the polymer layer
The strategy is shown in Scheme 1. SEM images of typical arrays of SWNTs on quartz wafers obtained by using solution of 5 mmol/L FeCl 3 and Shipley 1827 photoresist as catalytic precursors and simple photolithography to pattern the uniform catalyst lines are shown in Fig. 1 . The arrays of SWNTs are perfectly aligned and have very uniform density of ~10 SWNTs/μm on a 25 mm × 40 mm wafer without any curved or random SWNTs, even though the size of the spacings between catalyst lines on the substrates gradually increased from 10 μm to 100 μm. Only in the area of the catalyst lines themselves are some short curved tubes visible. Orientation of the SWNTs was observed along the X-axis direction in Nano Res (2008) 1: 158 165
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Step 1 A standard photolithography process
Step 2 Treated by O 2 plasma for 15 min or calcined at 700 ºC in air for 5 min
Step 3 Growth of arrays of SWNTs by CVD of methane Scheme 1 Schematic illustration of the procedures for patterning catalyst lines by simple photolithography and the growth of arrays of SWNTs on quartz wafers accordance with previous reports [18] . The results are reproducible because the standard photolithography process ensures that the uniform catalyst lines are well-patterned on a large wafer scale. Thermal annealing of the substrates in air is necessary before photolithography because thermal treatment of quartz wafers at high temperature greatly decreases the number of OH groups on the surface [25] and thus improves the adhesion between photoresist and quartz wafers. Although thermal annealing for a long time at high temperature can increase the number of the atomic steps on the surface of quartz 6] or sapphire wafers [26] , in our observations by AFM (Fig. 2(b) ), there were no obvious atomic steps produced on the quartz surface by 1-h thermal treatment. This result also proves that in our experiments SWNTs are mainly guided by the direction of the lattice, not by the atomic steps on the surface. This leads us to believe that, contrary to reports by Rogers' group [6, 7, 18] , but in agreement with reports by Liu's group [19] , dense aligned arrays of SWNTs can be obtained without long-time thermal annealing of quartz wafers before the CVD process.
Although a large quantity of photoresist was used in this process, no contamination of the wafer or SWNTs was observed nor did it disturb the growth of SWNTs. In the AFM image (Fig. 2(b) ), the SWNTs were found to be very clean and straight on the substrates with no amorphous carbon or catalyst nanoparticles observed. According to Fig. 2(a) , the lengths of most SWNTs exceed 200 μm and a few reach ~1 mm in length. By using AFM to measure 150 SWNTs we calculated that the distribution of diameters was 1.1nm ± 0.4 nm, indicating that almost all of the tubes are individual single-walled tubes and the arrays have a very narrow distribution of diameters. Figure 2(c) shows a typical Raman spectrum of the semiconducting tubes with a radial breathing mode (RBM) peak at 156 cm 1 [27] . The RBM signals of metallic tubes are masked by the broad peak at ~205 cm 1 arising from single-crystal quartz wafers [27] .
PVP as the polymer layer
Besides using the photolithography method to realize the patterned growth of arrays of SWNTs on quartz wafers, the PDMS stamp μCP technique with the assistance of PVP can also be employed to pattern (Fig. 3(f) ).
Discussion
In both procedures, the presence of photoresist or PVP is the key for successfully synthesizing aligned arrays of SWNTs. Because the main components of Shipley 1827 photoresist are a mixed cresol novolak resin, ~70% organic s o l v e n t , a n d ~1 0 % d i a z o photoactive compound (referring to the Material Safety Data Sheet (MSDS) data), we can consider this photoresist as an organic solution of the polymer (resin). The two polymers have three functions in our experiments. F i r s t , o r d e r e d c a t a l y s t s t ru c t u re s w e re e a s i l y a n d reproducibly patterned on quartz wafers by photolithography and PDMS stamp μCP techniques. Otherwise, FeCl 3 as the catalytic precursor is hard to uniformly pattern on the surface of wafers, especially for high concentrations of FeCl 3 [28] . Other catalysts such as ferritin [29, 30] , FeMo clusters [31] , and Fe/Mo [32] nanoparticles also cannot be directly patterned on a wafer surface. Rogers' group used photoresist lines as the mask and e-beam evaporation to obtain sub-nano Fe film patterns on quartz wafers [7, 18] . However, we think the thickness of the Fe fi lm is too thin to control by e-beam evaporation; furthermore our method of directly doping FeCl 3 into the photoresist is much easier. Secondly, the polymer layer can effectively prevent the formation of large particles during the drying step at room temperature and the heating step at 700 ºC. For μCP processes Fe x O y particles arising from the hydrolysis of FeCl 3 ·6H 2 O easily agglomerate into bulk sizes on the PDMS stamp surface when the ink solution is dried in air. The formation of monodispersed catalyst nanoparticles is the prerequisite for catalyzing the CVD growth of SWNTs. Figure 4 shows uniform catalyst nanoparticle formation on the substrate after heating wafers at 700 ºC in air for 5 min. The average diameter of the nanoparticles was ~6 nm when Shipley 1827 photoresist was used as the polymer layer (Fig. 4(a) ). When 40 mmol/L PVP solution (expressed per mole of monomer) was applied, the diameters of most nanoparticles were less than 1 nm and the density of nanoparticles was higher than in the former case. Interestingly, in our experimental there appears to be no relationship between the sizes and density of nanoparticles and the quality of arrays of SWNTs they generated.
Finally, the polymer layer can help the substrates anchor the catalyst nanoparticles. We speculate that a residual amount of polymer is left on substrates when SWNTs begin to grow from catalyst lines. In AFM images (Figs. 2(b) and 3(f) ) the substrates are seen to be very clean meaning that there is no diffusion of nanoparticles to the areas between catalyst lines. In order to confirm this speculation, we carried out a parallel experiment using different concentrations of PVP and without PVP. When there w a s n o P V P p re s e n t , l a rg e aggregative particles formed on the surface and many curved or random tubes were observed ( Fig. 5(a) ). With increasing concentration of PVP up to 20 mmol/L, the number of curved or random tubes gradually decreased, and the catalyst lines were more obvious after the growth of SWNTs and the arrays more aligned. However, too high a concentration of PVP will give rise to significant amounts of amorphous carbon which poisons the catalyst nanoparticles during the CVD process and when 40 mmol/L PVP solution was used, the density of arrays (shown in Fig. 5(d) ) decreased. These results prove that the polymer layer can effectively retain catalyst particles on the substrates during the growth of SWNTs. 
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Very recently, Ding et al. found that by using CuCl 2 /PVP as catalytic precursors and ethanol as the carbon feedstock, the resulting SWNT array density on quartz wafers was in excess of 50 SWNTs/μm in local areas [19] . We think that polymer assistance of CVD growth of SWNTs is a universal method and can be applied in various kinds of catalyst systems. It also seems to be the case that the small differences in array density are caused by use of different carbon feedstocks because the decomposition of ethanol is much easier than that of methane gas, and it has been shown that water, as a thermal decomposition product of ethanol, can contribute to removal of the amorphous carbon formed during the CVD growth of SWNTs [33] . Ding et al. found that the catalyst particles were preferentially retained at the tip of SWNTs and therefore presumed that SWNTs grew on quartz wafers by a tip-growth mechanism [19] . However, in our CVD results, we observed the existence of many nanoparticles only in the catalyst areas, and there were very few particles in the gaps between catalyst lines. We speculate this is caused by the different behavior of the two catalyst metals (Cu and Fe) [10] , and we are more inclined to believe that the base-growth mechanism is at work in our experiments.
Conclusions
In summary, we present a universal and simple method of polymer assisted CVD growth of SWNTs arrays on quartz wafers. In our experiments, Shipley 1827 photoresist and PVP were used to pattern catalyst lines on quartz wafers by photolithography and PDMS μCP techniques. The polymers also contribute to the formation of catalyst nanoparticles and anchor the nanoparticles on the substrates. Patterned, dense, and high-quality arrays of SWNTs on a large scale were successfully synthesized by CVD of methane. Although our simple one-step catalyst preparation method has been demonstrated using Shipley 1827 photoresist on quartz, it should also be possible to use the same technique on any substrate (e.g., Si or sapphire), and to use it with other photoresists or electron-beam resists, such as PMMA or SU8. Further study of the growth mechanism and the fabrication of high-frequency devices based on the arrays of SWNTs are ongoing in our lab.
